One sentence summary: In planta analyses in transgenic Arabidopsis thaliana indicate that thioredoxin h proteins do not function as negative regulators of S-locus receptor kinase activity and self-incompatibility signaling as had been proposed.
Introduction 22
Many flowering plants possess self-incompatibility (SI), a genetic system that promotes 24 outcrossing by preventing self-fertilization. In the Brassicaceae family, the SI response is 25 controlled by haplotypes of the S locus, each of which contains two genes that encode highly 26 polymorphic proteins: the S-locus receptor kinase (SRK), which is a plasma 27 membrane-resident single-pass transmembrane serine/threonine receptor kinase displayed at 28 the surface of stigma epidermal cells (Stein et al., 1991; Takasaki et al., 2000) , and the S-locus 29 cysteine-rich protein (SCR), which is the pollen coat-localized ligand for SRK (Schopfer et al., 30 1999; Kachroo et al., 2001; Takayama et al., 2001) . SRK and SCR exhibit allele-specific 31 interactions, whereby only SRK and SCR encoded by the same S-locus haplotype interact. In 32 a self-pollination, the binding of this "self" pollen-borne SCR to the extracellular domain of 33 SRK activates the SRK kinase, thereby triggering a cellular response in stigma epidermal cells 34 that causes inhibition of pollen germination and tube penetration into the stigma epidermal cell 35 wall (reviewed in Tantikanjana et al., 2010) . 36
Tight regulation of SRK kinase activity and its signaling cascade is critical for productive 37 pollen-stigma interactions because constitutive (i.e. SCR-independent) activity of the receptor 38 is expected to result in sterile stigmas that reject both compatible and incompatible pollen. In 39 oligomers in unpollinated stigmas, i.e. in the absence of SCR (Giranton et al., 2000) , at least 48 partly via ligand-independent dimerization domains located within the SRK extracellular 49 domain (Naithani et al., 2007) . It has been proposed that these ligand-independent SRK 50 oligomers are maintained in an inactive state by thioredoxins, the ubiquitous small 51 oxidoreductases that reduce disulfide bridges in proteins (Buchanan and Balmer, 2005 ). This 52 hypothesis is supported by the following observations: (1) two Brassica napus thioredoxins, 53
the Thioredoxin H-Like proteins THL1 and THL2, were identified as SRK interactors in a 54 yeast two-hybrid screen that used the B. napus SRK 910 kinase domain as bait (Bower et al., 55 1996) ; (2) when purified from pistils or insect cells, the B. oleracea SRK 3 variant was found to 56 exhibit constitutive autophosphorylation activity in vitro, and this activity was inhibited by E. 57 coli-expressed THL1 proteins and was restored by addition of pollen coat proteins containing 58 "self" but not of pollen coat proteins containing "non-self" SCR (Cabrillac et al., 2001) ; (3) the 59 catalytic activity of THL1 was required for its inhibition of SRK 3 autophosphorylation activity 60 in vitro (Cabrillac et al., 2001) ; and (4) antisense suppression of THL1/2 gene expression in the 61 AtTRX3, AtTRX4, and AtTRX5 are all expressed in A. thaliana stigmas, albeit at various 114 levels ( Figure 1C ). AtTRX3 was expressed at the highest levels, followed by AtTRX4 and 115
AtTRX5, which were expressed at approximately 11-and 19-fold lower levels, respectively. 116
This result is consistent with microarray data available in GENEVESTIGATOR 117 (Supplemental Figure 1 ; Zimmermann et al., 2004) , and with the results of our previous 118 genome-wide transcriptional analysis of genes expressed specifically in stigma epidermal 119 cells (Tung et al., 2005) , both of which show AtTRX3 expression levels to be 6-fold higher 120 than those of other thioredoxin h genes in A. thaliana stigmas. 121
Two lines of evidence indicate that AtTRX3 and AtTRX4, and not AtTRX5, are the 122 orthologues of Brassica THL1 and THL2, respectively (Supplemental Table 1 ). 123
Amino-acid sequence comparisons show that AtTRX3 is 78% identical to THL1 and 124
AtTRX4 is 85% identical to THL2, while AtTRX5 is only 69% and 60% identical to THL1 125 and THL2, respectively. Furthermore, the A. thaliana chromosomal regions that encompass 126 the AtTRX3 and AtTRX4 genes exhibit a high degree of synteny with the B. rapa 127 chromosomal regions that contain Bra027469 and Bra025762 ( Figure 1D , Supplemental 128 In their analysis of the interaction of Brassica SRKs with THL1 and THL2, Mazzurco et 140 al. (2001) concluded that the SRK-THL1/2 interaction requires a cysteine residue located 141 near the C-terminal end of the predicted transmembrane (TM) domain of SRK (Figure 2A) . 142
This conclusion was predicated on the results of yeast two-hybrid interaction assays showing 143 that the SRK-THL1/2 interaction was abolished when the TM-localized cysteine was deleted 144 or replaced by serine, while the ability to interact with THL1/2 was acquired when a cysteine 145 was inserted at the appropriate position in the TM domain of an SRK-related receptor kinase 146 that lacked this cysteine and did not interact with THL1/2 (Mazzurco et al., 2001) . 147
Furthermore, the fact that this TM-localized cysteine residue was conserved in all SRK 148 sequences available at the time but was missing from SRK-related proteins that do not 149 function in SI was interpreted as indicating that interaction with THL was a distinctive 150 feature of SRK and the SI response it determines (Mazzurco et al., 2001) . 151
Public databases now contain 44 SRK sequences containing the TM domain. A survey 152 of these sequences, which are derived from self-incompatible strains of various species, 153
showed that the majority of SRK variants contained a cysteine residue at the appropriate 154 location within the region that corresponds to the SRK TM domain as predicted by the 155 TMpred program (Hofmann and Stoffel, 1993) . In contrast, this TM-localized cysteine 156 residue is replaced by tryptophan, phenylalanine, serine, or arginine in five SRK variantsrequired for the negative regulation of SRK in planta. Indeed, the SRKs that lack this 160 cysteine have not been reported to produce a constitutive SI response in their native species 161 or when introduced into A. thaliana. For example, A. thaliana stigmas expressing the 162 CgSRK 7 variant ( Figure 2A ) exhibit a robust SI response towards "self" SCR 7 -expressing 163 pollen, but do not exhibit constitutive rejection of "non-self" pollen (Boggs et al. 2009c) . 164
These observations raise doubt about the notion that THLs, by virtue of their interaction with 165 SRK through this TM-localized cysteine residue, function as negative regulators of SRK in 166 the absence of SCR ligand. 167
The yeast interaction studies of Mazzurco et al. (2001) (Nasrallah et al., 2002; Liu et al., 2007) . Therefore, all 223 pollination assays described below were performed using stage-13 bud stigmas. 224
We obtained two strains, hereafter designated trx3-1 and trx4-1, which carry T-DNA 225 insertions in AtTRX3 and AtTRX4, respectively. We determined that the T-DNA in trx3-1 226 was inserted 28 base pairs before the second exon of the AtTRX3 gene ( Figure 3A ) and that 227 THL1/2 transformants, in which THL1 and THL2 transcripts were reduced but not eliminated 289 (Haffani et al., 2004) . 290
We conclude that the AtTRX3 and AtTRX4 thioredoxin h proteins do not regulate SRKb 291 or its downstream effectors through their disulfide-reducing activity. Nor do they regulate 292
SRKb signaling independent of their catalytic activity, as described for the tomato 293
Cf-9-mediated signaling pathway, which confers resistance to Cladosporium fulvum strains 294 expressing the Avr9 elicitor. In this pathway, the Cf-9-interacting thioredoxin CITRX is 295 thought to function as a negative regulator, not via its reducing activity, but by acting as an 296 adaptor protein that recruits the cytosolic kinase ACIK to the Cf-9 cytoplasmic domain Importantly, the study did not use a strain whose stigmas express SI. Rather, it was 334 performed using a self-fertile strain of B. napus in which the basis of self-fertility was not 335 known and the functionality of the endogenous SRK was not established. Furthermore, no 336 changes in SRK kinase activity or complex formation were observed in the THL1/2 antisense 337 plants relative to wild-type plants. As a result, the authors acknowledged that the 338 pollination phenotype observed in antisense THL1/2 stigmas does not provide conclusive 339 evidence for the negative regulation of SRK by THL1/2 (Haffani et al., 2004) . 340
Our results leave open the question of how the ligand-independent SRK oligomers 341 observed in unpollinated stigmas are maintained in an inactive state. Although AtTRX3, 342 and to a lesser extent AtTRX4, are the major thioredoxins in the A. thaliana stigma, wecannot rule out the possibility that another thioredoxin might function as a negative regulator 344 of SRK catalytic activity by reducing one of several disulfide bridges that link cysteine 345 residues located outside the TM domain. However, it is possible that the 346 ligand-independent SRK oligomers are inactive, not only due to the effect of some inhibitory 347 factor, but also because they assume an auto-inhibitory conformation in the absence of the 348 SCR ligand. Indeed, ligand-activated receptor kinases are typically regulated by multiple 349 mechanisms (Endres et al., 2011; Lemmon and Schlessinger, 2010) . A prime example is the 350 A. thaliana BRI1 receptor, which is subject to two modes of inhibition h proteins. The arrow shows the C463W mutation introduced into SRKb. The underlined 616 amino acids in BnSRK 910 indicate the residues that were included in the SRK kinase domain 617 fragment used as bait in yeast two-hybrid studies (Bower et al., 1996; Mazzurco et al., 2004) . A t5 g 4 2 9 8 0 (A tT R X 3 ) A t5 g 4 2 9 9 0 A t5 g 4 3 0 5 0 A t5 g 4 2 9 5 0 A t5 g 4 2 9 4 0 A t5 g 4 2 9 3 0 A t5 g 4 2 9 0 0 B r a 0 2 7 4 6 9 (T H L 1 ) B ra 0 2 7 4 6 8 B ra 0 2 7 4 6 7 B ra 0 2 7 4 6 6 B ra 0 2 7 4 6 5 B ra 0 2 7 4 7 0 B ra 0 2 7 4 7 1 B. rapa A09 14. A. thaliana chr1 6.77-6.87Mb B. rapa A06 7.70-7.80Mb A t1 g 1 9 7 3 0 (A tT R X 4 ) A t1 g 1 9 7 4 0 A t1 g 1 9 7 7 0 A t1 g 1 9 7 9 0 A t1 g 1 9 8 0 0 A t1 g 1 9 8 3 0 A t1 g 1 9 7 2 0 A t1 g 1 9 7 1 5 A t1 g 1 9 7 1 0 A t1 g 1 9 7 0 0 A t1 g 1 9 6 9 0 A t1 g 1 9 6 7 0 A t1 g 1 9 6 6 0 A t1 g 1 9 6 4 0 A t1 g 1 9 6 2 0 B r a 0 2 5 7 6 2 (T H L 2 ) B ra 0 2 5 7 6 1 B ra 0 2 5 7 6 0 B ra 0 2 5 7 5 9 B ra 0 2 5 7 5 8 B ra 0 2 5 7 5 7 B ra 0 2 5 7 5 6 B ra 0 2 5 7 5 5 B ra 0 2 5 7 5 3 B ra 0 2 5 7 5 2 B ra 0 2 5 7 6 3 B ra 0 2 5 7 6 6 B ra 0 2 5 7 6 8 B ra 0 2 5 7 6 9 B ra 0 2 5 7 7 0
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